Introduction
In two recent papers we demonstrated the utility of studying conformational polymorphs to gain insight into the influence of crystal forces on molecular conformation. A pair of structures was analyzed in which the packing was dominated by van der Waals forces. As part of a program to extend this technique to structures containing hydrogen bonding, we undertook the structure determination of two forms of iminodiacetie acid, NH(CH2COOH) 2, reported here. The structure of one form has been reported earlier (Boman, Herbertsson & Oskarsson, 1974) .
Iminodiacetic acid has been shown to crystallize in three polymorphic forms by Tomita, Ando & Ueno (1965) who noted the difference in infrared spectra among the three forms. The spectrum of one form was so different from those of the other two that a significant difference in molecular conformation with respect to the four principal torsional parameters (about the C-C and C-N bonds) was expected. The conformation of iminodiacetic acid has also been shown to vary widely in different crystal environments, such as when it acts as a tridentate or monodentate ligand in coordination compounds (Albertsson & Oskarsson, 1968) or as a donor of hydrogen bonds to halide ions (Oskarsson, 1973) . We shall refer to the two forms reported here as IMDA2 and IMDA3, while the earlier reported structure will be denoted by IMDA1. IMDA2 corresponds to the a form listed by Tomita, Ando & Ueno (1965) , while IMDA3 corresponds to the y form.
Experimental
Commercial iminodiacetic acid (Eastman Chemical Co.) was crystallized from water as described by Tomita, Ando & Ueno (1965) and Boman, Herbertsson & Oskarsson (1974) . Both IMDA1 (monoclinic, short prismatic) and IMDA2 (orthorhombic, thin plates) are obtained by recrystallization from water. Needle-like crystals of IMDA3 obtained by evaporation of an ethanol:water mixture of approximately 70:30 composition were cut with a razor blade for diffraction experiments. The cell constants reported are based on a least-squares fit of 15 reflections with 13 ° < 20 < 62 °. The crystal data are summarized in Table I .
Intensity data were collected on a Syntex P2 l automatic diffractometer, employing an 09-20 scan with scan rate varying from 2 ° min -1 to 24 ° min -l as determined by a rapid prescan of the peak intensities. One unique octant of intensities for 28 < 141° was recorded. No deterioration of the intensity of three monitor reflections was noted during data collection. Data were corrected for Lorentz and polarization factors; no absorption corrections were applied. Estimated standard deviations are based on counting statistics.
Structure solution and refinement

IMDA2
The systematic absences indicated either space group Pbcm or Pbc2 r Intensity statistics were inconclusive in are: x,y,z; -x, ½ + y, z; x, ½ -y, ½ + z; -x, -y, ½ + z. distinguishing between the two, yielding observed values which were between the theoretical quantities for acentric and centric distributions.
The structure was solved with MULTAN (Germain, Main & Woolfson, 1971) in space group Pbc2 r Eighteen non-hydrogen atoms appeared among the 19 highest peaks on the E map corresponding to the set of signs with the highest FOM (1.331) and lowest residual (19.74 ). Initial refinement was carried out via the block-diagonal method (one atom per block) with anisotropic temperature factors on all atoms to R = 0.10. A difference map revealed ten peaks in positions expected for hydrogen atoms which were included in the refinement with isotropic temperature factors. At this point (R = 0.09) six reflections (004, 006, 024, 104, 120, 200) showed strong signs of extinction and they were removed from the refinement, yielding an R of 0.067. The remaining four hydrogens were then located on a difference map, and were also refined with variable isotropic temperature factors. Three of the temperature factors were not well behaved and were fixed at 3.0 A 2. Three final cycles of full-matrix least squares yielded the agreement factors given in Table 1 . For non-hydrogen atoms shifts did not exceed 0.01e and the final difference map shows no peak higher than 0.23 e /~-3. Final positional parameters are given in Table 2 .
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IMDA3
Systematic absences were consistent with space group P21/n. The structure was solved with MULTAN (Germain, Main & Woolfson, 1971) . The nine highest peaks in the E map for the set of signs with the highest FOM (1.143) and lowest residual (14.39) corresponded to the nine heavy atoms in the structure. Refinement was carried out by block-diagonal leastsquares calculations (one atom per block), and for all non-hydrogen atoms with anisotropic temperature factors it converged at R = 0.073. All seven hydrogen atoms appeared on the difference map and were included in a full-matrix refinement with isotropic temperature factors. Final agreement factors are given in Table 1 . All shifts were less than 0.01 of the respective standard deviation and the final difference map exhibited no peak higher than 0.26 e A -3.
Final positional parameters are given in Table 2 . Temperature factors and structure factors have been deposited.* Atomic scattering factors were taken from
International Tables for X-ray Crystallography (1968) . All programs used, except OR TEP (Johnson, 1965) , are part of the Syntex EXTL library (Syntex Inc., 1973) .
Results and discussion
The atom numbering is shown in Fig. 1 . We chose the carboxyl group as the chemical point of reference. On the carboxyl side O(1) is always the hydroxyl oxygen and 0(2) the carbonyl oxygen. 0(3) is chosen as 'anti' to N, while 0(4) is 'syn' to N. H(3), H(4) and H(6) are chosen so that the absolute values of their dihedral angles with C(2), O(1) and O(3), respectively, are larger than those made by H(2), H(5) and H(7) with C(2), O(1) and 0(3).
Torsion angles
Significant conformational differences due to differences in torsion angles about single bonds are depicted in Newman projections in Fig. 2 . The two molecules in IMDA2 have very similar conformations, with C(4) gauche to C(1) and C(3) trans to C(2), but they are not strictly superimposable. In IMDA1 the torsion angle around N-C(3) is larger (-135°), while C(3) is gauche to C(2) and in IMDA3 C(4) and C(3) are essentially gauche to C (1) and C (2) respectively. 
Bond lengths and angles
Bond lengths and bond angles for the four independent molecules (including IMDA1) are compared in jc (2) ic (2) ic (2 ) ic ( Leiserowitz (1976) . The C-O lengths for the ionized carboxylate group are equivalent within experimental significance only for molecule 1 of IMDA2. The inequivalence might be attributed to participation in hydrogen bonding since the oxygen with the longer bond length [0(3) in IMDA 1 and 0(4) in molecule 1 of IMDA2] is hydrogen bonded to two hydrogen atoms while its mate is bonded to only one. However, this trend breaks down in IMDA3 where both 0(3) and 0(4) participate in only one hydrogen bond but the lengths are significantly different, and in IMDA2 0(4) of molecule 1 participates in two hydrogen bonds, but has the same bond length with C(4) as 0(3). The O-C-O angles are somewhat larger than the average value quoted by Leiserowitz (1976) but do fall within the range of values given in his Table 1 .
Packing and hydrogen bonding
The geometric features of the hydrogen bonding are summarized for all three forms in Table 4 , and are shown in Fig. 3 . Packing diagrams for the two structures reported here are given in Fig. 4 . In all four molecules, each of the three hydrogens available for hydrogen bonding participates in a single hydrogen bond. However, the role of the oxygens differs signifi-CONFORMATIONAL POLYMORPHISM. III Table 3 . Geometric features of iminodiacetic acids (2) 1.517(2) 1.519 (7) 1.502(6) 1.513(3) C(3)-C (4) 1-517(2) 1.517 (5) 1.524 (5) 1.519 (3) C(2)-O (1) 1.306 (2) 1.308 (7) 1.310 (7) (4) 125.9 (2) 124.9 (4) 125.5 (4) 124.9 (2) cantly among the three forms. In IMDA1 0(2) does not participate in any hydrogen bond while 0(3) participates in two hydrogen bonds. The two molecules of IMDA2 exhibit similar patterns. Once again 0(2) does not participate in hydrogen bonding, but in this case it is 0(4) which acts as an acceptor in two hydrogen bonds. Finally, in IMDA3 O(2), 0(3) and 0(4) participate as acceptors for one hydrogen bond each.
There are also differences in the crystallographic symmetry elements relating hydrogen-bonded molecules. The presence of the 5.3 A axis in IMDA2 and IMDA3 suggested the presence of hydrogen bonding via simple translation along this axis (Leiserowitz, 1976) and indeed this is found for all three molecules in these two forms (Fig. 4) . It is absent in IMDA1, which is unique by virtue of the hydrogen bonding across the inversion center. In all three cases there is an O (1)-H(1 is clearly different for these two, being to different ends of the molecule. Boman, Herbertsson & Oskarsson (1974) cited the presence of two rings containing hydrogen bonds as the 'most striking feature' of the structure of IMDA 1. Both are shown in Fig. 3(a) . The first, containing ten atoms, is about an inversion center at 1 1 ~,0,~ and contains H (3)-N-C(3)-C(4)-O (4) and the atoms related to it through the center. The second contains fourteen atoms related to each other through a center at the origin:
~ + y, ½ -z]. IMDA2 and IMDA3 are also characterized by cyclic systems containing hydrogen bonds but with rings of different sizes than in IMDA1. In IMDA2, the smallest ring formed (a,b,c) for * The donor atoms in all cases are at x,y,z as given in Table 2 .
~" Between two independent molecules in the asymmetric unit. In IMDA3 there are two large hydrogen-bonded rings. The first comprises 22 atoms as follows [Fig. 3(c)]:
The second contains 20 atoms:
The energetic ramifications of the observed differences in conformation and packing are not obvious from the qualitative geometric observations. In terms of the differences in lattice energies, differential thermal analysis (Tomita, Ando & Ueno, 1965) has shown that IMDA2 is the most stable of the three crystal forms and that both IMDA 1 and IMDA3 can be converted to IMDA2 in the temperature range 453-457 K with an accompanying broad weak peak in the DTA spectrum. These data indicate that the transition energy to IMDA2 is quite low and that the energy differences among the three forms are small. For a molecule such as IMDA, where conformational changes are due to rotation about single bonds, populations of different conformers exist in fluid phases. Conformers observed in the various crystal polymorphs may be energetically equivalent or not, depending on the ability of the crystal forces (i.e. the mode of packing) to stabilize an otherwise unfavorable conformation. Since the energies of rotations about single bonds are generally small, the energetic differences in the molecular conformations observed in polymorphic IMDA are also expected to be small. The system thus provides a fairly sensitive test of the applicability of our earlier computational approach to the relationship between crystal forces and molecular conformations , and calculations on this system are currently under way.
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